ABSTRACT: Copper, zinc, cadmium and silver analyses were made of groups of ca 34 individual oysters taken from 13 oyster bars in the mid-Chesapeake Bay region on the east coast of the United States. Data are described for the years 1978, 1979 and 1981. Sampling stations were chosen to represent high and low salinity regimes as well as sites of potentially differing metal input. Metal concentrations were determined on a wet-weight basis and were found to be largely negatively correlated with body weight and with salinity. Data were entered in a multiple regression program which included body weight and salinity as independent variables, and regression equations were used to normalize the metal concentrations. Data indicated localized copper concentration in oysters close to 2 electricity generating stations, although at 1 of these sites the high values could be explained in terms of the body weighWsa1init.y model. High metal concentrations were also indicated at an oyster bar having stunted animals. Results indicated that the use of oysters to map trace metal input to an estuary can be complicated by extraneous factors such as salinity, but that useful information may still be obtained after normalization to size and salinity. Year-to-year comparison between these data and earlier data indicate that correction for salinity may have to be reset from year to year.
INTRODUCTION
Many filtering bivalves are good bioaccumulators of trace metals and act as natural integrators of these and other pollutants over time. Bivalve molluscs are now used world-wide as indicators of trace metal pollution (Bayne 1978 , Goldberg et al. 1978 . The ubiquitousness of the genus Mytilus has led to its widespread use as a biomonitor in marine systems (e.g. deWolf 1975 , Phillips 1976a , b, 1977 , Karbe et al. 1977 , Davies & Pirie 1978 , Harris et al. 1979 , Murray 1982 . Although many of these programs have been successful in identifying point sources of contaminants, a number of investigations have identified various accessory environmental parameters affecting trace metal concentration by biological material (quite apart from metal input to the aquatic environment). Unlike pesticides and herbicides there is comparatively little evidence implicating changes in run-off as a source of variability in metal levels in aquatic biota (Phillips 1980) . However, Frazier (1976) Chesapeake Bay oysters in 1972, which he attributed to a metal pulse flushed into the Bay by tropical storm Agnes.
Following the work of Boyden (1974 Boyden ( , 1977 and others (Phillips 1976a , Manly & George 1977 , Davies & Pirie 1978 , Harris et al. 1979 , Cooper et al. 1982 , Popham & D'Auria 1983 it is apparent that animal size (not always equated with age) is an important factor influencing trace metal concentration in several species, although size/metal relations are not always consistent from one investigation to another. Within estuarine environments a variety of molluscs have been used as bioindicators in place of Mytilus species and, in many cases, a n apparent 'salinity effect' on body burdens of various trace metals has been noted (Huggett et al. 1973 , Phillips 1977 . Seasonal variation has also been attributed variously to salinity changes, as well as growth and regression of germinal tissue, somatic tissue and food storage products (Phillips 1980) . Such seasonal variability has led Phillips (1980) to advocate a standardized collection period in monitoring programs, and the above examples indicate that salinity and animal size must often be taken into account when comparing samples collected from different sites or at different times. Sample size is often given insufficient consideration (Gordon et al. 1980) and where outliers are retained in the data set, collections must be sufficiently large to minimize their effect.
The Chesapeake Bay system is the largest and most productive estuary in the United States; however until recently it has been the subject of very few biomonitoring studies. Recent declines in some finfish catches and in the oyster fishery have prompted renewed interest in anthropogenic contamination of the estuary. The US Environmental Protection Agency-Chesapeake Bay Program (USEPA-CBP) and related studies (Helz et al. 1981 , Kingston et al. 1982 have indicated significant trace metal input from the Susquehanna River and industrialized areas such as Baltimore Harbor and the Elizabeth River. Helz (1976) estimated that 51 % of copper and 74 % of lead reaching the northern part of the Chesapeake Bay may be anthropogenic in origin.
Vnfortunately, there is remarkably little published work concerning metal levels in biota from this region. Two exceptions are the works of Huggett et al. (1973) and Frazier (1975 Frazier ( , 1976 Frazier ( , 1979 , both measuring trace metals in the oyster Crassostrea virginica. Huggett et al. (1973) found exceptionally high levels of copper and zinc in oysters from the Elizabeth River and Hampton Roads areas at the south of the Bay. Frazier (1979) reported a 4 yr time course of cadmium data using genetically homogeneous brood stock oysters set in a comparatively uncontaminated river (Rhode R.) in the central Chesapeake Bay. C. virginica is one of the most widely distributed bivalve molluscs in the Bay. This distribution, together with its exceptional bioaccumulatory capacity (Shuster & Pringle 1969) make it a very suitable animal for biomonitoring. In addition the oyster represents a valuable food resource, and concern for tissue quality has led to a widespread survey of trace metals in C. virginica in central and northern parts of the Chesapeake Bay by the Maryland Department of Health (Eisenberg & Topping 1981) . This survey contains extensive data for Cu, Zn, Pb, Hg, Cd and Cr in oysters since 1976 and As data from 1977. All analyses are based on composite samples of about 10 individuals collected from sites throughout the whole central and northern Bay area.
Proposed dredge spoil dumping from heavily contaminated Baltimore harbor has culminated in the construction of a nearby diked dredge-spoil containment facility at Hart and Miller Islands close to the Back River estuary, and this in turn has prompted biomonitoring efforts using tray-set oysters by Cronin et al. (1974) and Wright & Striegel (1984) .
From 1974-1981 copper and zinc were monitored in oysters from the Calvert Cliffs (CC) area close to a nuclear power plant together with a more northerly reference site, Scientist Cliffs (SC) (Phelps 1984) .
Changes in tissue metal concentrations at both these sites indicated a requirement for looking at the larger pattern of fluctuations in body burdens over the whole mid-Bay area and in 1978 the survey was extended to 13 collection sites in the central Bay area and Patuxent River, selected to include a range of salinity and contaminated and uncontaminated sites. Metal analyses were extended to cadmium and silver. This effort comprised large numbers of individual analyses, which enabled a detailed appraisal of inherent variability associated with the material (Wright & Phelps, unpubl.) . This paper presents data on 4 metals (Cu, Zn, Ag, Cd) from the above survey and attempts to place these data within the context of other Chesapeake biomonitoring efforts. In doing so we have attempted to rationalize a number of variables having possible effects on values obtained, including in particular animal size and salinity, apart from possible differential metal input.
METHODS AND MATERIALS
Oysters were collected by oyster dredge from University of Maryland's, Center for Environmental and Estuarine Studies research vessels. Sampling stations and other sites referred to in this work are shown in Fig. 1 . Sampling stations were deliberately chosen for their differing characteristics with regard to both metal input and salinity. The sampling periods were chosen as 2 d cruises in the same week (early June) in 1978, 1979 and 1981 in order to minimize possible seasonal effects (Roosenburg 1969 , Frazier 1979 , Boyden & Phillips 1981 . Collections constituted a representative sample of the size range of individuals found at the respective oyster bar and no special effort was made to sample animals of a particular size. Each collection represented at least 30 to 34 individuals and the analytical strategy was to identify the most important independent variables affecting metal concentrations in this large data set. Oysters were scrubbed, shucked and individuals were blotted, weighed and digested in 10 to 20 m1 redistilled nitric acid heated to 70°C. Digests were filtered through pre-washed glass fiber filters before analysis. Analyses were made using flame atomic absorption spectroscopy or by AAS following graphite furnace atomization. Four metals were included in the present study. In addition to copper and zinc concentrations which were obtained from at least 13 stations in 1978, 1979 and 1981, cadmium and silver data was analyzed in most samples collected in 1978 and 1979. A single salinity measurement was made at each oyster bar at the time of collection. While it is appreci- ated that salinities at these sites fluctuate considerably according to season it is felt that such measurements give an accurate impression of the comparative salinity picture over the whole study area (there is little diurnal range in salinity, Beaven 1960) . Such an impression is confirmed by consultation of long-term salinity records, where available, from the Maryland Department of Natural Resources and Chesapeake Biological Laboratory.
RESULTS
Even in oysters from the same site, zinc and copper concentrations often differed appreciably from year to year (Fig. 2) . The same was true of size ( Fig. 2) . Oysters from Broome's Island in 1979, for example, were twice the weight of those from the previous year and Calvert Cliffs individuals collected in 1981 were half the weight of 1979 specimens. It is not known to what extent this may have been due to our sampling of different size classes in different years or whether differential glycogen or germinal tissue bulk caused significant tissue weight changes from year to year even though sampling was at the same site. Commercial harvesting and state restocking programs may also have affected size distribution from year to year. However, recent evidence suggests that no differing genetic stocks are involved (Newel1 & Rainer, unpubl.).
The 1978 data for all 4 metals ( Fig. 3 to 6) show the contribution made to the weight vs metal relation by oysters from different bars; sometimes strikingly different contributions may be seen for different sites in relation to overall weight/metal concentration relation (for an alternative method of presentation of similar data, see Popham & D'Auria 1983). These contributions often differ from metal to metal. For example, most of the high silver values (Fig. 3) are contributed by Green Marsh (GM) and Deep Neck (DN) animals, yet cadmium data from these sites contribute low and moderate values, respectively (Fig. 4) . Elevated cadmium levels are mainly found in Teague Point (TP) and Broome's Island (Br. I) oysters. Although most high values for both these metals are contributed by smaller individuais, the situation is complicated by some sites containing almost exclusively small oysters that also have low metal concentrations (e.g. Great Rock (GR), Norman's Marsh (NM).
In general copper and zinc data follow each other quite closely ( Fig. 5 and 6 ) and have several features in common with the silver data. For all 3 metals Deep Neck oysters display a comparatively wide range of concentrations despite their narrow size range. In 1978 the highest zinc values were found in Green Marsh specimens. It is interesting that, in 1979, Deep Neck oysters showed exceptionally high zinc and copper concentrations although they were again lower in 1981 (Fig. 2) . In contrast to the Deep Neck site and despite some outliers, Teague Point oysters had a relatively narrow range of copper concentrations. Although a ttest following normalization of these data (after Lobe1 & Wright 1983) revealed no significant difference between tissue copper concentrations at these 2 sites, (Fig. 6) , had a bimodal distribution of zinc, although the body size range at this site was unimodal.
Within-site weight metal relations were examined for all 4 metals studied. Metals data were normalized by using the natural logarithm of the metal concentration prior to linear regression vs weight. Cadmium had the most consistent relation between (In) metal concentration and body wet weight. Fifteen out of the 24 collections analyzed for cadmium had negative correlations at the 5 % level of significance. Ten out of 21 collections analyzed for silver showed significant and wet weight 2 were positive and 9 negative. Taken overall, there was strong evidence for a negative relationship between body wet weight and metal concentration (Table 1) . In Table 2 , linear regression equations are presented for In metal concentration vs salinity for all annual collections. With 1 exception, there is a highly significant negative correlation between salinity and metal concentration; this is particularly noticeable for copper and cadmium. The 1978 and 1979 data for all metals are plotted in Fig. 7 . Although silver data were not significantly correlated with salinity in that year it is perhaps surprising that there was a strong correlation in 1979 for that metal (Fig. 7) . Lower correlations for copper and zinc in 1981 compared with earlier years (Table 2) may be due to the unusually narrow (and high) salinity regime which persisted through much of 1981 (Fig. 2) . 
DISCUSSION
We stress that the ultimate aim of this study was to define differences in oyster metal concentration resulting from possible differences in metal input into the system. In order to compensate for salinity and size/ weight influences already seen, the data were subjected to a multiple regression analysis of wet weight and salinity on In metal concentration ( Table 3) . Salinity and weight data from each site were then substituted in the resultant equation (from each annual collection, Table 3 ) in order to determine empirically the relative influence of these parameters on metal concentration at different sites. Back-transformed values derived from these equations could then be compared with analytically determined mean metal concentrations from each site.
The 1978 copper and zinc values derived from respective multiple regression equations have been compared (Tables 4 and 5 Values for P (2-tailed) " ' < 0.001 " < 0.01 Values for P (2-tailed) ' ' ' < 0.001
centrations measured at each site. These tables list the degree of increase or decrease represented by analyzed samples compared with 'expected' levels (derived from equations). In essence such a treatment is no different to the normalization procedure advocated by Boyden (1977) , Simkiss & Taylor (1981) and others, except that 2 independent variables are being considered instead of 1. When the copper data are normalized in this way (Table 4 ) , 2 sites stand out: Calvert Cliffs and Deep Neck. Copper contamination of the former site is not surprising. Possible copper enrichment close to the Calvert Cliffs power plant was, after all, the prime reason for initiating the current project and there is doubtless some localized copper contamination at this site. Of equal interest is the copper concentration at the Teague Point oyster bar where 1978 (and 1979) levels are even higher than those found at Calvert Cliffs. Teague Point, too, is relatively close to the outfall from an electricity generating plant and has been implicated historically as a site of copper contaminated oysters (Roosenburg 1969) . The exact status of this site with regard to localized copper contamination is currently being examined. It is clear that, even if this site is locally high in copper, such a condition is exacerbated by the salinity effect and, within the confines of the wet weighWsalinity 'model' generated here, the high copper data from Teague Point can be explained by these 2 variables. Since the Teague Point station represented the lowest salinity station, the multiple regression equation was constructed with and without data from this site. sites of copper contamination using metal/metal ratios, a s discussed by Simkiss & Taylor (1981) is currently in progress.
The Deep Neck oyster bar in Broad Creek at the mouth of the Choptank River represents an aberrant site in terms of several high metal concentrations noted (Fig. 2, 3 , 5 and 6; Table 4 ). There are no known sources of trace metals at this site and it is felt that these data may be partly explained by the presence of a number of small, old, stunted oysters in this area. Kennedy and Krantz (unpubl.) have also found that adult oysters from this bar are very significantly smaller than adults collected from 16 other oyster bars in the central Chesapeake Bay region. High metal levels in stunted oysters from the Wando R., South Carolina, were reported by Burrell et al. (1981) , although no causal factors were demonstrated. Whatever the cause of stunting at the Deep Neck, Broad Creek bar (at present ambient metals are not implicated), the phenomenon whereby animals of different ages (and therefore different metal exposure) exhibit similar size characteristics is not understood. Despite the fact that 'age normalization' in mussels may be facilitated by the use of allometric ratios (Lobe1 & Wright 1982a, b) , oysters still remain comparatively difficult to age. A recent study was undertaken to examine the relation between age, stunting and metal accumulation in midChesapeake Bay oysters (Phelps et al. unpubl.) . Examination of metal concentrations in normal and stunted oysters of known age (laboratory spawned) found cop-per and zinc concentrations in stunted oysters steadily increased with age while in normal oysters metal concentrations decreased with age. The stunted oysters were raised near Deep Neck Broad Creek and assuming similar growth conditions affecting metal accumulation the Deep Neck oysters could be about 8 yr old
The bimodal nature of zinc concentrations in 1978 Green Marsh (GM) specimens (Fig. 6 ) may have been due to sampling 2 age classes, not separable according to size, and it is interesting that this site apparently represented the most zinc-contaminated site of all during that year, after normalization for weight and salinity ( Table 5) . Oysters also had significant silver enrichment at that site after salinitylweight normalization and it is speculated that such contamination may be related to the proximity of a sewage treatment plant. Instances such as these indicate that population structure may exert a very subtle influence on size/metal relations and intrasample variability, and may be partially responsible for apparent literature contradictions between size/metal data reported from different locations and even from the same laboratory at different times (e.g. Boyden 1977 , Couper et al. 1982 , Popham & D'Auria 1983 .
A study such as this and the recent comprehensive survey by Popham & D'Auria (1983) show that biomonitoring is a complex issue requiring large samples, a long and carefully designed sampling regime and good knowledge of the population dynamics of the organisms sampled. Current data reveal, notwithstanding a substantial 'salinity effect' and a significant inverse relation between body weight and metal concentration, that meaningful data can be obtained from a large-scale monitoring survey, even in a complex estuarine habitat. More detailed mapping would require a more finely tuned sampling regime involving many more localized sites and, from a logistical point of view, use of pooled samples. However, analysis of large numbers of individuals from a variety of sites has emphasized the important salinity influence on trace metal accumulation by oysters in an estuary such as the Chesapeake system. Other studies from this region have confirmed such a salinity effect. Using genetically homogeneous, tray-set oysters Cronin et al. (1974) demonstrated an 80 % difference in copper accumulation associated with a 10 ppt difference in salinity. Their use of young brood stock oysters of similar size also permitted growth data to be incorporated into equations describing copper accumulation (Cronin et al. 1974) .
In this study also, copper and zinc concentrations in oysters correlated significantly with salinity read at time of collection ( Fig. 8 and 9 Fig. 9 . Relation between zinc concentration and salinity derived from current study: 0 1978; 1981 (power-plant related sites omitted) and from Sinex et al. (1978) (A) correlated with yearly average salinity (Sinex et al. pers. comm.) . The average correlation of oyster copper concentration with salinity was 16 pg copper (g-I oyster wwt)-I (ppt salinity)-'; the average correlation of oyster zinc concentration with salinity was 216 pg zinc (g oyster wwt)-l (ppt salinity)-'. The significant yearly correlation between salinity and copper and zinc concentrations in oysters shifted each year corresponding to change in average yearly salinity. This may indicate the metal storage compartment in oysters is re-set by yearly average salinity. It is obvious therefore that correction for salinity must be done on a year-to-year basis.
In Fig. 8 and 9 , copper and zinc data from the current study have been compared with other, unpublished information from the Chesapeake Bay region. In doing this we have removed data where obvious metal concentration gradients might be expected (i.e. power plant related data). In all cases there is a strong indication of a salinity effect. This may have several explanations, none of which are mutually exclusive. In view of the relation established between free cupric ion activity and copper accumulation by oysters (Zamuda & Sunda 1982) , it might be speculated that salinity may affect the free ionic activities of these metals and, thus, their bioavailability. Using equations generated by Helz (pers. comm.) , it is clear that both zinc and copper activities are inversely related to salinity under conditions of constant total metal concentration, and this may contribute to the salinity effeci seen here. However, Zamuda & Wright (unpubl.) have been able to demonstrate increased copper uptake by oysters under low salinity conditions even when cupric ion activity is held constant using NTA, and so the effect of salinity on metal activity can only b e a partial explanation. Phillips (1977) speculated that the apparent salinity effect seen in metal accumulation by mussels from the straits of Denmark through to the Baltic Sea may have been due to the ingestion of different species of plankton containing different metal concentrations. Such a theory would effectively shift the 'salinity effect' to a lower trophic level and this in turn may have physicochemical (e.g. Sunda et al. 1978) or physiological elements. In higher animals salinity effects on trace metal uptake have been explained by 'passive' osmotic effects (George e t al. 1978) and 'accidental active uptake' (Wright 1977) . The likelihood that freshwater sources may also be richer in trace metals (either through industry or through natural run-off) must not be discounted. compiled a source inventory for metals entering the Chesapeake system and concludes that the largest overall source of trace elements is the Susquehanna Rver which enters the Chesapeake Bay at the northernmost end. The fact that this river also represents the single largest freshwater input to the system could also lead to an inverse relation between metal enrichment and salinity. Another significant input from a low saline region is Baltimore Harbor, estimated by to account for 24 % of the total input of copper and cadmium to the Bay. In the current study the low salinity stations comprised largely pristine areas, thereby minimizing the importance of land runoff, in whatever form, as an influence on the observed salinity effect.
